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Collective neutrino flavor transformations deep inside a supernova are sensitive to the neutrino 
mass hierarchy even at extremely small values of On- Exploiting this effect, we show that comparison 
of the antineutrino signals from a galactic supernova in two megaton class water Cherenkov detectors, 
one of which is shadowed by the Earth, will enable us to distinguish between the hierarchies if 
sin'^ ^13 < 10~^, where long baseline neutrino experiments would be ineffectual. 
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After many years of experiments on atmospheric, solar 
and terrestrial neutrinos, our knowledge of neutrino 
masses and mixing has grown by leaps and bounds [l], 
H, H, [J- The data is now described satisfactorily 
in the 3-ncutrino oscillation framework defined by two 
mass squared differences Amg and /S.m^^^, three mixing 
angles 612, 623 and ^13, and the CP-violating phase 
5. The parameters 613 and jAm^^jj^j are determined 
by atmospheric neutrino experiments and long baseline 
experiments, while AttIq and 9i2 are determined by 
solar and reactor experiments. Current data on neutrino 
oscillations do not determine the sign of Aml^^. One 
refers to Am^^^ > as normal mass hierarchy and 
Am^jjjj < as inverted mass hierarchy. For ^13 there 
is only an upper bound sin'^ 6*13 < 0.02 at 90 % C.L. from 
reactor experiments. The phase S is completely unknown. 

The primary goals of next generation neutrino exper- 
iments include the measurement of the leptonic mixing 
angle ^13, and the determination of the neutrino mass 
hierarchy. The present and near-future long baseline and 
reactor experiments are expected to probe ^13 down to 
sin2 6'i3 < 10^2 _ iQ-3 (gge^ g g_^ f^y Qver the next 
decade, if a neutrino factory or a superbeam facility 
is built, the reach could get extended to sin^ 6*13 < 
10"''^— 10~^ Several studies have been performed to 

ascertain the optimal strategy for determining the neu- 
trino mass hierarchy if ^13 is large enough to be measured 
at the upcoming experiments (see, e.g., 0, S, S [lol|). 
However, if ^13 is small, then the determination of the 
mass hierarchy becomes very challenging even with next- 
to-next generation neutrino factory experiments (ill . [l^ . 

In this Letter, we propose a new astrophysical method 
for determining the neutrino mass hierarchy, which works 
for extremely small values of 9i3 where the standard 
oscillation experiments fail. This method makes use of 
the Earth matter effects on the neutrino signal from a 
galactic supernova (SN). 

Mikheyev-Smirnov-Wolfenstein (MSW) flavor conver- 
sions [T3I [l3 | in a SN envelope are known to mix 
the primary neutrino fluxes. This mixing is crucially 
dependent on ^13 and the neutrino mass hierarchy. In 
addition to flavor conversions in the star, neutrinos 
arriving from a SN can undergo oscillations inside the 



Earth before being observed at a shadowed detector [15|, 
Iit\ . These Earth effects associated with supernova 
neutrinos have been studied extensively as a powerful 
tool to probe neutrino mass hierarchy for sin^ ^13 ^ 
10-3 [li,[li,[23,[Il|. For sin^ 6I13 < 10-^ the traditional 
analysis of neutrino flavor conversions in SN, where only 
MSW transitions were taken into account, predicts no 
hierarchy dependence of SN neutrino spectra arriving at 
the Earth [22|. Therefore, observation of the Earth mat- 
ter effect cannot determine the neutrino mass hierarchy 
in that case. This picture is profoundly modified when 
one considers the new emerging paradigm of collective 
effects on supernova neutrino flavor conversions. 

Recently, it was pointed out [H, that large 

neutrino density near the neutrinosphere results in sig- 
nificant coherent neutrino-neutrino forward scattering, 
which gives rise to collective neutrino flavor oscillations 
inside the SN. Three-flavor analysis of collective effects 
has now been carried out [26| . which allows us to 
characterize collective oscillation effects and to write 
down the flavor spectra of neutrinos and antineutrinos 
arriving at the Earth. Following [26j . we work in 
the modified flavor basis (z^e, z^j;, fy), defined such that 

{i/e,iyx,i^y) = Rl^{023){'^e,'^tj.,i^T), whcrc R23 is the 
2-3 rotation matrix. As a result of these collective 
oscillations, there are collective pair conversions Vei^e ^ 
VyUy within the first O(IOO) km 

The manifestation of these flavor transformations 
depends on the primary spectra of neutrinos. In typical 
supernova models one finds a hierarchy of number fluxes 
Ny^ > iVp, > iV^, = TVp^ [13, [ill. Even if it is 
not obvious that this hierarchy is maintained also at 
late times, in the following we will assume it as our 
benchmark. This scenario has been extensively studied 
analytically as well as numerically, and gives straight- 
forward predictions for neutrino flavor conversions. In 
the normal hierarchy the spectra remain unaffected by 
collective oscillations. In the inverted hierarchy, for any 
non-zero value of ^13 such that the adiabatic solution 
in [29I is valid, the end of collective oscillations is 
marked by a complete exchange of the e and y flavor 
spectra for D. The v spectra also get swapped, however 
only above a characteristic energy, giving rise to a 
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split in the spectrum [29|, |30|. This solution is valid 
for extremely small 6*1 as long as bipolar oscillations 
develop sufficiently [3l| and the evolution is adiabatic. 
We have checked that the adiabatic solution remains 
valid at values of 6*13 that are as low as 10~^°, for typical 
SN neutrino density profiles. As a consequence, neutrino 
fluxes which arc further processed by MSW matter effects 
are significantly different for the two hierarchies, even for 
extremely small Ois values. This sensitivity presents a 
novel possibility to determine the mass hierarchy at small 
^13. We must remark that qualitatively different primary 
neutrino spectra and/or yet undiscovered flavor effects 
may yield different predictions for flavor conversion and 
the analysis will have to be repeated appropriately. 

Here we concentrate on the i>e spectra observable 
through inverse beta decay reactions 9e + p n + 
at water Cherenkov detectors. In inverted hierarchy, 
MSW matter effects in SN envelope are characterized 
in terms of the level-crossing probability Ph 0, [13 
of antineutrinos, which is in general a function of the 
neutrino energy and ^13. In the following, we consider 
two extreme limits, Ph ~ when sin^ 6*13 > 10"'^ 
("large"), and Ph ^ 1 when sin^ 6*13 < 10"^ ("small"). 

While propagating through the Earth, the De and Dx 
spectra partially mix. The neutrino fluxes F^, at the 
Earth surface for normal hierarchy, as well as for inverted 
hierarchy with large ^13, are given in terms of the the 
primary fluxes -F" by 



F^ = 



COS' 



; 0i2F^ 

' 9i2Fg - 



' ^12 -Pf , 



For inverted hierarchy with small ^13, we have 

Fs = cos^ er2F° + sin^ 0i2F| « F° , 
Fx = sin2 0i2F° + cos^ OriF^ « F° . 



(1) 



(2) 



Earth effect can be taken into account by just mapping 
cos^6'i2 — *■ P{vi De) and sin^ ^12 1 — Pi^i — > Pe), 
where P^vi — > Pg) is the probability that a state entering 
the Earth as mass eigenstate Pi is detected as De at the 
detector. 

From Eqs. ([T|) and one expects to observe Earth 
matter effect in normal hierarchy independently of 6*13, 
while in inverted hierarchy it is expected only at large 
^13. For small ^13 and inverted hierarchy, the De 
spectrum arriving at the Earth is identical to the Dx 
spectrum arriving at the Earth, so any oscillation effect 
among them is unobscrvablc. This implies that if next 
generation neutrino experiments bound ^13 to be small, 
from the (non)observation of Earth matter effect we 
could identify the neutrino mass hierarchy. 

A strategy to observe Earth matter signatures in 
neutrino oscillations is to compare the signal at two 
detectors. The difference between the flux F^ at a 
shadowed detector and the Dg flux Fg at a detector that 
is not shadowed by the Earth can be written as 



for normal hierarchy as well as for inverted hierarchy 
with large ^13. Here /reg = P(i^i — > i^e) — cos^ 6*12 is 
the Earth regeneration factor. In inverted hierarchy for 
small 013, we get AF = 0. If the D trajectories cross only 
the Earth mantle, characterized by an approximately 
constant density, /reg is simply given by [iq 



/,,g = - sin 2012 sin(20i2 - 2^12) sin^ ( 



(4) 



where 612 is the effective value of the antincutrino mixing 
angle O12 in matter, Amg is the solar mass squared 
difference in matter, and L is the path length in Earth. In 
Earth matter, we have sin20i2 > and sin(20i2 — 2^12) < 
0, which tells us that /reg > 0. 

The flavor dependent primary neutrino spectra fu{E) 
can be conveniently parametrized as [27l | 



r(a + 1) 



E 



-{a+l)E/{E),, 



(5) 



where F is the Eulcr Gamma function, {E)i, is the average 
energy for the different neutrino species, and a is the 
spectral pinching parameter. The neutrino flux at the 
neutrinosphere can then be estimated to be 



ME) 



(6) 



where L^, is the luminosity in the v flavor. All SN models 
robustly predict (Eg) < (E^) « (Eg), as well as ag ~ 
ax ~ ay. This implies that the sign of (Fg — F^) is 
positive at low energies (before the crossing of the and 
Px spectra) and negative at higher energies. 

The net result is that when we compare the antineu- 
trino fluxes between a shadowed and an unshadowed 
detector, we will have AF > at low energies and 
AF < at high energies in the case of normal mass 
hierarchy, or in inverted mass hierarchy with large ^13. 
In inverted hierarchy with small ^13, one expects a AF 
compatible with zero. 

To illustrate the above, we consider a galactic super- 
nova explosion at a distance of 10 kpc, with luminosities 
Lx ~ Ly ^ O.SLg and total emitted energy Eb = 
3 X 10^3 gj.g^ j^igQ choose (F)g = 15 MeV, {E)x = 
{E)y = 18 MeV, and a = 3, inspired by the results of the 
Garching simulations [13, [111 . We analyze the detection 
of the above signal using two large water Cherenkov 
detectors A and B of fiducial mass 0.4 megaton each, 
as proposed for upcoming experiments [3^ . [ssl . [36j . We 
compare the number of events in detector A, where 
neutrinos arrive after traversing L — 8000 km in 
Earth mantle with an approximately constant density 
p ~ 4.5 g/cm"^, with another detector B for which 
the supernova is not shadowed by the Earth [L = 0). 
The reference values for features of the detectors, e.g., 
energy resolution and interaction cross sections, are the 

8 X 10-5 eV^ and 
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Wc choose Attiq 



AF = F, 



D 



Eg 



/rcg(Fg Fj) , 



(3) 



same as m 

sin^ 012 ~ 0.29 as the oscillation parameters relevant for 
the Earth matter effect. 
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FIG. 1: Plot of the ratio 7? defined in Eq. [T] as a function of the observable positron energy for normal hierarchy (left panel) 
and inverted hierarchy (right panel), with sin^ S13 < 10^^. For sin^ 6'i3 > 10"'^, the ratio R will be identical to the left panel 
for either hierarchy. 



We define 



R={Na- Nb)/Ne 



(7) 



as the difference between the number of events at 
the shadowed detector and the unshadowed detector, 
normalized to the number of events at the unshadowed 
detector. In Figure 1, we plot the ratio i? as a function 
of the measured positron energy -Epos for De in normal 
hierarchy (left panel) and inverted hierarchy (right panel) 
for sin^ 6*13 < 10"^. The error bars show the statistical 
error in R. In the other extreme case of sin^ 6*13 > 10^"^, 
both the normal and inverted hierarchy would correspond 
to the left panel. 

Let us consider the scenario where ^13 is known to 
be small. From the figure, in normal hierarchy the 
ratio R is positive for -Epos ^ 25 MeV and negative at 
higher energy. The low energy spectrum is dominated 
by statistical error, but for Epos ^ 30 MeV the depletion 
of the signal with respect to the unshadowed detector is 
clearly visible, with \R\ > 5%. On the other hand, in 
inverted hierarchy we find i? = 0. The difference in the 
predictions of two hierarchies is significant and should be 
observable. Primary spectra taken from Livermorc simu- 
lations [2^, which predict a larger difference between De 
and average energies, would show a more pronounced 
Earth effect. We emphasize that our method is based on 
a model independent signature which does not rely on 
fitting or extracting any parameters. 

The comparison of the neutrino signal in two detectors 
is also possible using only a single megaton class water 
Cherenkov detector together with the km'^ ice Chcrenkov 
detector IceCubc at the South Pole [s^. Even though 
IceCube cannot reconstruct the neutrino spectrum at 
SN energies, the ratio of luminosities at these two 
detectors can be determined rather accurately, which will 
show about 5% time variation if Earth effect is indeed 
present [l^. Moreover, if a large scintillator detector 34 1 
is built, its superior energy resolution would allow the 
observation of the modulations induced by the earth 



effect in the spectrum, without the need to compare the 
signal with another unshadowed detector [l^ . 

The swap of the D spectra due to collective effects 
does not depend on the exact neutrino density profile as 
long as the propagation is adiabatic [2§|, whose validity 
we have checked for typical SN profiles and ^13 as low 
as 10"^". Decoherence effects are highly suppressed 
due to the VgrVe fiux asymmetry [39| . and other multi- 
angle effects also do not affect the net antineutrino 
conversions substantially (25j . Moreover, with an 
extremely small ^13, the detailed matter density profile 
near the H resonance is immaterial, and the effects of 
density fluctuations or turbulence may safely be ignored. 
Therefore, one can make the following statements: (i) 
Observation of Earth matter effects cannot be explained 
in inverted hierarchy (ii) Nonobservation of Earth matter 
effects cannot be explained in normal hierarchy (unless 
the primary fluxes are almost identical). Our proposed 
method is thus quite robust, and would be able to identify 
the mass hiererchy. It is not only competitive with the 
long baseline strategy proposed in but also offers 
an independent astrophysical resolution to the hierarchy 
determination problem. 

If is known to be large, the hierarchy can be 
determined through a number of other observables in the 
SN burst itself: signatures of SN shock-wave propagation 
in the Vp signal [371 . [40l . [4l[ , the Vf. signal during the 
neutronization burst |42l |. or the direct, albeit extremely 
challengin g, observation of the spectral split in v^^ 
spectrum |3]| at a large liquid Argon detector [i^. In 
fact the hierarchy may even be identified at the long 
baseline experiments. However in such a scenario, the 
Earth matter effects act as an evidence for collective 
fiavor conversions, thus giving us confidence about our 
understanding of the processes happening in the core of 
the star. 

To conclude, determination of the leptonic mixing 
angle ^13 and the neutrino mass hierarchy represent two 
of the next frontiers of neutrino physics. In this Letter, 
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we have proposed a new possibility for identifying the 
neutrino mass hierarchy that works for extremely small 
values of ^13, far beyond the sensitivity of current and 
future terrestrial neutrino experiments. The sensitivity 
of supernova neutrino oscillations to the mass hierarchy, 
for incredibly small values of ^13 , is a consequence of the 
collective neutrino oscillations that take place near the 
supernova core. These effects interchange the initial 
and Vy spectra in the inverted hierarchy, which are then 
further processed by MSW effects in the SN envelope. 
This spectral swap can be revealed by comparing the 
event rate at a shadowed detector with that at an 
unshadowed detector. If neutrino oscillation experiments 
fail to determine the mass hierarchy, then this proposed 
method could represent the last hope to resolve this 
issue, provided that large water Cherenkov detectors are 
available at the time of the next galactic SN explosion. 
This perspective should be considered when choosing 
optimal detector locations for upcoming large neutrino 
detectors [3]. 

The observation of the Earth matter effects in the 
inverted hierarchy for large ^13 also constitutes a smoking 
gun signature of collective oscillations in a SN, that arise 
from the as yet unprobed neutrino-neutrino interactions. 



It is fascinating to realize that intriguing effects like 
collective neutrino oscillations, occurring in the deep 
regions of an exploding supernova, produce observable 
signatures at Earth and enable us to probe neutrino 
properties. This confirms once again the extreme 
importance of supernovae as laboratories for fundamental 
neutrino physics. 

We thank Georg Raffelt for valuable comments on 
the manuscript, and Andreu Esteban-Pretel, Sergio 
Pastor and Ricard Tomas for important criticisms on 
its first version. A.M. also would like to thank 
Enrique Fernandez-Martinez for interesting discussions 
about mass hierarchy determination in future laboratory 
experiments. In Munich, this work was partly supported 
by the Deutsche Forschungsgemeinschaft (grant TR-27 
"Neutrinos and Beyond"), by the Cluster of Excellence 
"Origin and Structure of the Universe" (Garching and 
Munich) and by the European Union (contract No. RII3- 
CT-2004-506222). In Mumbai, partial support by a Max 
Planck India Partnergroup grant is acknowledged. A.M. 
acknowledges support by the Alexander von Humboldt 
Foundation, and kind hospitality at the Tata Institute 
for Fundamental Research during the development of this 
work. 



[2: 



[3] 



[1] A. Bandyopadhyay, S. Choubey, S. Goswami, S. T. Pet- 
cov and D. P. Roy, "Neutrino Oscillation Parameters Af- 
ter High Statistics KamLAND Results," iarXiv:0804.4857l 
[hep-ph]. [11] 
M. C. Gonzalez-Garcia and M. Maltoni, "Phenomenol- 
ogy with Massive Neutrinos," Phys. Rept. 460, 1 (2008) 
[arXiv:0704.1800l [hep-ph]] . 

G. L. Fogli et al., "Observables sensitive to absolute [12] 
neutrino masses: A reappraisal after WMAP-3y and 
first MINOS results," Phys. Rev. D 75, 053001 (2007) 
rhep-ph/0608060^ . [13] 
[4] M. Maltoni, T. Schwetz, M. A. Tortola and 

J. W. F. Valle, "Status of global fits to neutrino [14] 
oscillations," New J. Phys. 6, 122 (2004); The latest 
update is given in version 6 of hep-ph/0405172 
A. Bandyopadhyay et al. [ISS Physics Working Group], 
"Physics at a future Neutrino Factory and super-beam [15] 
facility," arXiv:0710.4947 [hep-ph]. 

International Design Study of the Neutrino Factory web 
page, available at : www.hep.ph.ic.ac.uk/ids. [16] 
[7] R. Gandhi, P. Ghoshal, S. Goswami, P. Mehta, 
S. U. Sankar and S. Shalgar, "Mass Hierarchy Determina- 
tion via future Atmospheric Neutrino Detectors," Phys. [17] 
Rev. D 76, 073012 (2007) [arXiv:0707.1723l [hep-ph]].' 
T. Schwetz, "Determination of the neutrino mass hierar- 
chy in the regime of small matter efi'ect," JHEP 0705, [18] 
093 (2007) hep-ph/0703279 . 

J. Learned, S. T. Dye, S. Pakvasa and R. C. Svo- 
boda, "Determination of neutrino mass hierarchy and [19] 
theta(13) with a remote detector of reactor antineutri- 
nos," |hep-ex/0612022 

Nunokawa, S. J. Parke and [20] 
Determining neutrino mass 



[6] 



[8] 



[9 



[10] H 
R, 



hierarchy by precision measurements in electron and 
muon neutrino disappearance experiments," Phys. Rev. 
D 74, 053008 (2006) hcp-ph/0607284 . 
A. de Gouvea and W. Winter, "What would it take 
to determine the neutrino mass hierarchy if theta(13) 
were too small? ," Phys. Rev. D 73, 033003 (2006) 



[hep-ph/0509359 
A. D. Bross, M. Ellis, S. Geer, O. Mena and S. Pascoh, 
"A Neutrino factory for both large and small S13," Phys. 
Rev. D 77, 093012' (2008) arXiv:0709.3889 [hep-ph]]. 
L. Wolfenstein, "Neutrino oscillations in matter," Phys. 
Rev. D 17, 2369 (1978). 

S. P. Mikheev and A. Y. Smirnov, "Resonance en- 
hancement of oscillations in matter and solar neutrino 
spectroscopy," Sov. J. Nucl. Phys. 42, 913 (1985) [Yad. 
Fiz. 42, 1441 (1985)]. 

A. S. Dighe and A. Y. Smirnov, "Identifying the neutrino 
mass spectrum from the neutrino burst from a super- 



nova," Phys. Rev. D 62, 033007 (2000) [hep-ph/9907423 
C. Lunardini and A. Y. Smirnov, "Supernova neutrinos: 
Earth matter effects and neutrino mass spectrum," Nucl. 
Phys. B 616, 307 (2001) hcp-ph/0106149 . 
K. Takahashi, M. Watanabc and K. Sato, "The earth 
effects on the supernova neutrino spectra," Phys. Lett. B 
510, 189 (2001) hep-ph/0012354. 

A. S. Dighe, M. T. Keil and G. G. Raffelt, "Detecting the 
neutrino mass hierarchy with a supernova at IceCube," 
JCAP 0306, 005 (2003) hep-ph/0303210 . 
A. S. Dighe, M. T. Keil and G. G. Raffeh, "Identifying 
earth matter effects on supernova neutrinos at a single 
detector,' 



JCAP 0306, 006 (2003) |hep-ph/0304150 



Minakata, H. 
Zukanovich Funchal, 



C. Lunardini and A. Y. Smirnov, "Probing the neutrino 
mass hierarchy and the 13-mixing with supernovae," 



5 



JCAP 0306, 009 (2003) hep-ph/0302033 . 

[21] A. S. Dighe, M. Kachelriess, G. G. Raffelt and 
R. Tomas, "Signatures of supernova neutrino oscillations 
in the earth man tle and core," JCAP 0401 (2004) 004 
|hep-ph / 0311172 |. 

[22] A. Dighe, "Neutrinos from a core collapse supernova," 
arXiv:0712.4386 [hep-ph]. 

[23] H. Duan, G. M. Fuller, J. Carlson and Y. Z. Qian, 
"Simulation of coherent non-linear neutrino flavor trans- 
formation in the supernova environment. I: Correlated 
neutrino trajectories," Phys. Rev. D 74, 105014 (2006) 
[astro-ph/0606616 . 

[24] S. Hannestad, G. G. Raffelt, G. Sigl and Y. Y. Y. Wong, 
"Self-induced conversion in dense neutrino gases: Pen- 
dulum in flavour space," Phys. Rev. D 74 (2006) 105010 
[Erratum-ibid. D 76 (2007) 029901] [astro-ph/0608695, . 

[25] G. L. Fogh, E. Lisi, A. Marrone and A. Mirizzi, 
"Collective neutrino flavor transitions in supernovae and 
the role of traject ory averaging," JCAP 0712, 010 (2007) 
[arXiv:0707.1998l [hep-ph]] . 

[26] B. Dasgupta and A. Dighe, "Collective three-flavor 
oscillations of supernova neutrinos," Phys. Rev. D 77, 
113002 (2008) arXiv:0712.3798 [hep-ph]]'. 

[27] M. T. Keil, G. G. Raffeh and H. T. Janka, "Monte 
Carlo study of supernova neutrino spectra formation," 
Astrophys. J. 590, 971 (2003) astro-ph/0208035 . 

[28] T. Totani, K. Sato, H. E. Dalhed and J. R. Wilson, 
"Future detection of supernova neutrino burst and 
explosion mechani sm," Astrophys. J. 496, 216 (1998) 
'astro-ph/9710203'. 

[29] G. G. Raffelt and A. Y. Smirnov, "Self-induced spectral 
splits in supernova neutrino fluxes," Phys. Rev. D 76, 
081301 (2007) [ Erratum-ibid. D 77, 029903 (2008)] 
[arXiv:0705.1830l [hep-ph]] . 

[30] H. Duan, G. M. Fuller and Y. Z. Qian, "A Simple Picture 
for Neutrino Flavor Transformation in Supernovae," 
Phys. Rev. D 76, 085013 (2007) [arXiv:0706.4293l [astro- 
ph]]. 

[31] H. Duan, G. M. Fuller, J. Carlson and Y. Q. Zhong, 
"Neutrino Mass Hierarchy and Stepwise Spectral Swap- 
ping of Supernova Neutrino Flavors," Phys. Rev. Lett. 
99, 241802 (2007) arXrv:0707.0290 [astro-ph]]. 

[32] G. L. Fogli, E. Lisi, D. Montanino and A. Palazzo, 
"Supernova neutrino oscillations: A simple analytical 
approach," Phys. Rev. D 65, 073008 (2002) [Erratum- 



ibid. D 66, 039901 (2002)] 'hep-ph/0111199". 
[33] G. G. Raffeh, M. T. Keil, R. Buras, H. T. Janka 

and M. Rampp, 'Supernova neutrinos: Flavor-dependent 

fluxes and spectra," |astro-ph/0303226 
[34] D. Autiero et al, "Large underground, liquid based 

detectors for astro-particle physics in Europe: scien- 

tific case a nd prospects," JCAP 0711, Oil (2007) 

[arXiv:0705. 0116 [hep-ph]]. 
[35] C. K. Jung, "Feasibility of a next generation underground 

water Cherenkov detector: UNO," AIP Conf. Proc. 533, 

29 (2000) hep-ex/0005046 . 
[36] K. Nakamura, "Hyper-Kamiokande: A next generation 

water Cherenkov detector," Int. J. Mod. Phys. A 18, 

4053 (2003). 

[37] G. L. Fogli, E. Lisi, A. Mirizzi and D. Montanino, "Prob- 
ing supernova shock waves and neutrino flavor transitions 
in next-generation water- Cherenkov detectors," JCAP 
0504, 002 (2005) hep-ph/0412046; . 

[38] F. Halzen, "Astroparticle physics with high energy 
neutrinos: From AMANDA to IceCube," Eur. Phys. J. 
C 46, 669 (2006) ,astro-ph/0602132. . 

[39] A. Esteban-Pretel, S. Pastor, R. Tomas, G. G. Raffeh 
and G. Sigl, "Decoherence in supernova neutrino trans- 
formations suppressed by deleptonization," Phys. Rev. D 
76, 125018 (2007) arXiv:0706.2498 [astro-ph]]. 

[40] R. Tomas, M. Kachelriess, G. Raffelt, A. Dighe, 
H. T. Janka and L. Scheck, "Neutrino signatures of 
supernova shock and reverse shock propagation," JCAP 
0409, 015 (2004) [astro-ph/0407l32] . 

[41] G. L. Fogh, E. Lisi, A. Mirizzi and D. Montanino, 
"Damping of supernova neutrino transitions in stochastic 
shock-wave density profiles," JCAP 0606, 012 (2006) 
hep-ph/0603033 . 

[42] M. Kachelriess, R. Tomas, R. Buras, H. T. Janka, 
A. Marek and M. Rampp, "Exploiting the neutronization 
burst of a galactic supernova," Phys. Rev. D 71, 063003 
(2005) astro-ph/0412082 . 

[43] I. Gil-Botella and A. Rubbia, "Oscillation effects on 
supernova neutrino rates and spectra and detection of 
the shock b reakout in a liquid argon TPC," JCAP 0310, 
009 (2003) [hep-ph/0 307244 . 

[44] A. Mirizzi, G. G. Raffelt and P. D. Serpico, "Earth 
matter effects in supernova neutrino s: Optimal detect or 
locations," JCAP 0605, 012 (2006) |astro-ph/0604300l . 



